1. Introduction {#s0005}
===============

Plant pathogens are classified as biotrophic, hemibiotrophic, and necrotrophic parasites based on their lifestyles. Biotrophic parasites utilizing their host cells for survival and reproduction, necrotrophic parasites obtain nutrients from dead tissues for survival, and hemibiotrophic parasites live through the biotrophic and then necrotrophic phases. Pathogenic effector proteins determine the life history of pathogens and are secreted to directly interact with the host to facilitate infection ([@b0035], [@b0080]). Manipulating and remodeling of the physiological and metabolic processes of the host by pathogen are major hallmarks of biotrophy ([@b0010], [@b0065], [@b0075], [@b0165], [@b0190], [@b0245]). Pathogens secret effector proteins to avoid host recognition or to inhibit an immune response of host during the biotrophic phase, the transition of pathogenic fungi from the biotrophic to necrotrophic phase is related to the induction of the host defense response, which is considered to have the following characteristics: the host cell programmed death and the differential regulation of the signaling pathway ([@b0115], [@b0195]). The process of necrotrophic phase involves the degradation of the cell wall and the accumulation of H~2~O~2~, which leads to the collapse of large region of the mesophyll and a rapid increase in biomass from the host dead cells, as well as a rapid increase in pathogenic fungi biomass and sporulation ([@b0220], [@b0110], [@b0210], [@b0145]). The levels of H~2~O~2~ sharply increase during pathogen-host interactions until H~2~O~2~ levels peak at the later biotrophic stage, indicating that the rapid increase in H~2~O~2~ is a stress response rather than a defense reaction ([@b0220], [@b0110], [@b0210]), and other responses include the expression of wheat disulfide isomerase and pathogenesis-related genes (*PR* genes) and structural defense response ([@b0185], [@b0215]).

Pathogens secret effector proteins into the extracellular spaces and host cells, and those that enter the extracellular space are called apoplastic effectors. Apoplastic effectors include cell wall-degrading enzymes, toxins, and various cysteine-rich proteins. Cell wall-degrading enzymes and toxins are the most important toxic factors of necrotrophic bacteria, but these are not important for biotrophic parasites and hemibiotrophic parasites ([@b0015], [@b0020]). Biotrophic parasites and hemibiotrophic parasites secrete a variety of cysteine-rich effector proteins into the host apoplastic space ([@b0095]). The apoplastic effector proteins are recognized by the pattern-recognition receptors (PRRs) of pathogen-associated molecular patterns (PAMPs) of host plants ([@b0095], [@b0175]). Biotrophic parasites and hemibiotrophic parasites mainly secrete intracellular effector proteins, which are then transported into the apoplastic space through the N-signal peptide and subsequently enter the host cells. A large number of studies have shown that PAMP-triggered immunity (PTI) is the major mechanism by which host plants resist biotrophic, hemibiotrophic, and necrotrophic parasites. PTI responses include reactive oxygen species (ROS) production ([@b0050]), MAP kinase cascade ([@b0170]), transcriptional activation of some defense-related genes, synthesis and secretion of antimicrobial compounds, and reinforcement of plant cell walls. When a plant interacts with hemibiotrophic parasites, host cell death is inhibited during the biotrophic phase and in turn is promoted during the necrotrophic phase ([@b0040]). The number of death of host cells is the key to the transition of hemibiotrophic parasites from the biotrophic to necrotrophic phase, as some effector proteins can be recognized by NL-like proteins and PRRs in the host cells, triggering an HR response to limit further colonization of pathogens. For hemibiotrophic parasites, the regulation of the biotrophic and necrotrophic phases is a critical step ([@b0240]). Intracellular effector proteins that inhibit host cell death are often expressed during the biotrophic phase, whereas the NLPs and the induction of the RXLR effector protein occur in the necrotrophic phase. The NLPs of P. sojae and *C. higginsiαnum* are upregulated during the transition ([@b0130]). The effector protein of *Septoriα tritici* induces the transition from the biotrophic to necrotrophic phase, the appearance of the lesions, and host cell death ([@b0060]).

Rice blast is caused by the rice blast fungus *Magnaporthe oryzae*, resulting in major losses in global rice production ([@b0055], [@b0070], [@b0235]). In the genome of rice blast strain 70--15, most of the genes (about 1306) encode putative secretory proteins ([@b0055], [@b0070], [@b0070], [@b0255]). PWL1, PWL2 ([@b0100], [@b0230]), Avr-Pita, Avr-Pii, Avr-Pik/km/kp ([@b0005]) and AvrPiz-t have been proven as avirulence proteins. Some of the secreted proteins are essential for the pathogenicity of rice blast fungi such as MPG 1 ([@b0235]), EMPl ([@b0005]), MHPl ([@b0125]), MSPl ([@b0085]), MC69 ([@b0200]), Slp1 ([@b0155]) and four biotroph-related secreted proteins BAS1-BAS4 ([@b0160]) were identified. Numerous studies have shown that the effector proteins secreted by infectious hyphae play an important role in the early stages of infection; however, the underlying mechanism remains unclear. Meinhardt et al. showed that the expression of secreted protein genes is associated with infection, cell growth in mycelial growth, and plant cell death. The secretory proteins expressed in the biotrophic phase are mainly related to the destruction of the intercellular matrix and fungal mycelial deformation, allowing the fungi to avoid plant recognition and defense. These secretory proteins are expressed during the necrotrophic phase are considered to be a class of proteins that can degrade plant cell walls and cell components, causing host necrosis ([@b0150]). In-depth analysis of secreted proteins during infection is thus key to the elucidation of the mechanism underlying the transition from the biotrophic to necrotrophic phase. BAS1--BAS4 are highly expressed during the biotrophic phase, and BAS4 expression is 61-fold higher in the infectious hyphae ([@b0160]), The *BAS4* gene encodes 102 amino acids, of which 8 are cysteine residue. BAS4 is a putative extra-invasive hyphal membrane (EIHM) matrix protein that is secreted and distributed on the external surface of the hyphae. To date, no report on BAS4 regulating physiological and metabolic processes in rice blast fungus during biotrophic and necrotrophic phase has been published to date. In this paper, the leaves and calli of rice were treated with the purified prokaryotic expression product GST-BAS4-mCherry, and callose deposition, ROS production, and defense-related gene expression were then monitored in leaves that were treated for 24 h. The purified BAS4 prokaryotic expression product was sprayed on the rice leaves and then inoculated with the blast strain, then disease incidence of rice leaves was assessed after 7 days and expression of defense-related genes were analyzed in infected leaves­pretreated with BAS4 fusion protein. At the same time, rice leaves were inoculated with the BAS4 overexpression strain, and disease incidence of rice leaves inoculated after 7 days and expression of defense-related genes were analyzed in BAS4 overexpression strain-infected leaves, and the biomass in lesion was also analyzed to elucidate how BAS4 regulates the metabolic and defense systems during the biotrophic and necrotrophic stages. The present study has determined that effector proteins that regulate the rice defense system are strongly associated with specific physiological processes.

2. Material and methods {#s0010}
=======================

2.1. Rice blast strain and rice cultivar {#s0015}
----------------------------------------

The present study used the rice cultivar LTH, which is highly susceptible to *M. oryzae* strains. The rice blast strain used in this investigation was the highly pathogenic strain 66b. The BAS4 overexpression strain (35S: BAS5/Mo-2, the overexpression strain was conserved in our laboratory) is under the control of a 35S promoter, wild-type strain A1343R-7 (PCR analysis showed that the strain did not harbor the BAS4 gene). All these strains have been maintained in our laboratory. GST-BAS4-mCherry was purified prokaryotic expression product.

2.2. Culture and sporulation of rice blast strain {#s0020}
-------------------------------------------------

Mycelia of *M. oryzae* were inoculated on Petri plates containing PDA solid medium (200 g potato, 20 g glucose, 15 g agar, and 1000 mL water), which was cultured in a 28 °C incubator until the mycelia covered the entire agar surface. Mycelium blocks were transferred into a flask, which was cultured on a 28 °C shaker for 5--7 d, and then stored in at 4 °C prior to use. The mycelium liquid of *M. oryzae* was evenly spread on Petri plates containing tomato-oat medium (tomato-oat medium: 300--400 mL tomato juice, 40 g oats, 0.6 g CaCO~3~, 20 g agar, and 1000 mL water). The plates were incubated at 25 °C for 7--10 days to allow sporulation. Approximately 20 mL of sterile water was added into the dish, and then the plates were gently scraped, washed, and filtered to obtain the spore suspension. The suspension was adjusted to a density of 1 × 10^5^ cells/mL.

2.3. Cultivation of rice seedlings and blast strain in oculating rice leaves {#s0025}
----------------------------------------------------------------------------

The rice seeds were sterilized with 1.5% sodium hypochlorite and incubated at 28 °C for germination. The germinated seedlings were sown in a seedling tray. When the rice grew to the 3--4 leaf stage, these were transferred to an inoculation box. The rice seedlings were sprayed with the *M. oryzae* spore suspension and sufficient moisture was provided for the next 24 h and then these were transferred to a greenhouse. Disease incidence in rice leaves inoculated with the blast strain at 6 dpi was investigated, and leaf samples were collected at different times after inoculation. Each treatment was performed in triplicate, and 15 seedlings were assessed in each repeat. Four seedlings were sampled for each repeat at each time point.

2.4. Real-time RT-PCR analysis of defense-related genes in infected rice leaves {#s0030}
-------------------------------------------------------------------------------

Total RNA of infected rice leaves was extracted using the TRIZOL (Invitrogen, Shanghai, China) extraction kit. Real-time RT-PCR primer sequences for the defense-related genes in rice a shown in [Table 1](#t0005){ref-type="table"}. The 25.0 µL reaction system of real-time RT-PCR (Bio-Rad) followed: 2.0 µL template cDNA, 0.5 µL forward primer, 0.5 µL reverse primer, 12.50 µL 2 × EasyTaq PCR SuperMix, and 9.5 µL sterilized ddH~2~O. Amplification cycle parameters: pre-denaturation at 95 °C for 3 min, denaturation at 95 °C for 20 s, annealing extension at 59 °C for 20 s, and a collection of fluorescence signals at 65 °C; a total of 44 cycles were performed. Dissolution curve parameters: the temperature was increased starting from 59 °C; fluorescent signals were collected at each cycle with the temperature increased by 0.5 °C, and a total of 80 cycles were performed. Three repeats were performed for each sample. Ct values were recorded to calculate the relative expression levels. Real-time PCR data was analyzed with the 2^--△△Ct^ method. Expression levels of the resistance genes in rice were calculated. The relative gene expression level = treated sample (target gene Ct-actin Ct) -- blank sample (target gene Ct-actin Ct).Table 1Primers used for real-time RT-PCR.GeneAccession numberDescriptionPrimer-F/Primer-RPR1aOs07g03710Pathogenesis relatedF:5′-GCTACGTGTTTATGCATGTATGG-3′\
R:5′-TCGGATTTATTCTCACCAGCA-3′PR10aOs12g36880Pathogenesis related′F:5′-AATGAGAGCCGCAGAAATGT-3′\
R:5′-GGCACATAAACACAACCACAA-3′RPR10bOs12g36830Pathogenesis relatedF:5′-TCTCCGTATTGCTGCTTCCT-3′\
R:5′-CACTCTCACAAAATCAAACACCA-3′CEBiPOs03g04110Chitin receptorF:5′-GATGACTGGTTTATCCAGCTTTG-3′\
R:5′-TTCAAGCAGCCGTACAAGTG-3′MPK6Os10g38950--F:5′-AAAAAGCAGGCTCCATGGATTCCTCCTCCG-3′\
R:5′-AGAAAGCTGGGTGCAATCAACCGGTATAAT-3MPK12Os06g49430--\'F:5′-CCAAGCGCAAGATGCCTCT-3′R:5′-AGCACGGAGAAGTTGGTAC-3′Chit1Os02g39330--F:5′-CTGGTACTGGACCAACAACG-3′\
R:5′-GTTCTTGCCGTCGCACTC-3′actinOs11g06390/F:5′-GAGTATGATGAGTCGGGTCCAG-3′\
R:5′-ACACCAACAATCCCAAACAGAG-3′

2.5. Callose and ROS observation {#s0035}
--------------------------------

Rice sheaths were selected at the two-leaf stage and shortened to a length of 4 cm. The rice sheathes were then immersed in sterile water for 2 h and then placed in a Petri dish lined with wet filter paper. The purified BAS1 prokaryotic expression products were sprayed onto the leaves, which were then placed in an incubator at 26 °C and humidity for 24 h. The leaves were stained with aniline blue and DAB, respectively.

Callose observation: The leaves were soaked in ethanol lactophenol solution (12.5 g phenol, 12.5 mL glycerol, 12.5 mL lactic acid, and 12.5 mL water, mixed well) and kept in a 65 °C water bath until the chloroplasts were detached. The treated sheaths were rinsed with 50% ethanol, followed by rinsing with sterile water. The sheaths were then stained with 0.1% aniline blue (dissolved in 150 mmol/L K~2~HPO~4~, pH 9.5) for 0.5 h. The stained samples were then immersed in 50% glycerol. Callose deposition was observed with UV light under a fluorescent microscope (DFC450C, Leica).

ROS observation: After treatment with the protein solution, the leaves were then rinsed with sterile water, gently wiped with filter paper, and then stained with 1 mg/mL DAB solution for 24 h. The stained leaves were then soaked in ethanol lactophenol solution and kept in a 65 °C water bath until the chloroplasts were removed. ROS was observed under a fluorescent microscope (DFC450C, Leica).

2.6. The analysis of fungal relative growth in lesion using qPCR {#s0040}
----------------------------------------------------------------

The spores cultured in tomato-oat medium were washed and adjusted to a density of 1 × 10^5^/mL as observed under a 10 × objective lens (Leica, DM750). The rice leaves were cut into blades of 4 cm in length and placed in a Petri plate lined with wet filter paper. Two wounded punch spots (spaced 1 cm apart) were made in the 4-cm long leaf (not to penetrate the leaves). The wounded punch spots were then inoculated with the spore suspension using a pipette. The inoculated leaves were kept in an incubator set at 28 °C, a relative humidity of 90%, and in the dark for 24 h, followed by 28 °C with illumination and uninterrupted moisturizing spray for the next seven days. The length and width of the lesions were measured at seven days after onset of disease. Genomic DNA and total RNA were extracted from the lesions (2 × 1 cm). Each 25 µL qPCR reaction system consisted of the following: 1.5 µL of template cDNA, 0.5 µL of the forward primer, 0.5 µL of the reverse primer; 12.50 µL of a 2 × Easy Taq PCR SuperMix, and 10 µL of ddH~2~O. The amplification cycle parameters were as follows: pre-denaturation at 95 °C for 3 min, denaturation at 95 °C for 20 s, annealing extension at 58 °C for 20 s, and collection of fluorescence signals at 65 °C; for a total of 44 cycles were performed. The dissolution curve parameters were as follows: the temperature was increased starting from 59 °C; and fluorescent signals were collected at each cycle with a temperature increase of 0.5 °C, for a total of 80 cycles. Three repeats were performed for each sample. Ct values were recorded to calculate absolute quantitative expression levels. The relative growth of the fungus was calculated as 2\[Ct(MoPot2) Ct(OsUBQ)\] × 100, where MoPot2 is the Pot2 gene of *M. oryzae*, OsUBQ is the rice ubiquitin gene. The primer pair of 5′ACGACCCGTCTTTACTTATTTGG3′ and 5′AAGTAGCGTTGGTTTTGTTGGAT3 was designed as nucleotide acid sequence of Pot2 gene, and primer pair of 5′TTCTGGTCCTTCCACTTTCAG3′ and 5′ACGATTGATTTAACCAGTCCATGA3′ was designed as nucleotide acid sequence of OsUBQ gene.

2.7. BAS4 distribution in infected rice root using confocal {#s0045}
-----------------------------------------------------------

The rice seeds surface was sterilized with 1.5% sodium hypochlorite and then soaked in sterile water. The seeds were germinated at 28 °C in an incubator. After 72 h, the seedlings were transferred to a water agar medium for cultivation. The BAS4 overexpressed strains were cultured on tomato-oat culture medium, and rice roots were inoculated with the mycelia pellets. The BAS4 fusion protein was observed under a confocal fluorescence microscope (Leica, SP5II).

3. Results {#s0050}
==========

3.1. BAS4 immediat elyelicits rice basic defense responses during the early stage of interaction {#s0055}
------------------------------------------------------------------------------------------------

To determine whether BAS4 can induce LTH to elicit basic defense responses, the callose deposition and ROS production in the rice seedlings were assessed. Purified BAS4 prokaryotic expression product at a concentration of 1 mg/mL was sprayed onto the rice leaves and then later stained with aniline blue. Extensive callose deposition was observed on the BAS4 sprayed leaves ([Fig. 1](#f0005){ref-type="fig"}a), whereas only a little amount of callose ([Fig. 1](#f0005){ref-type="fig"}b) was detected in the leaves treated with PBS solution (CK). The rice calli that were treated with DAB exhibited high levels of ROS production after 6 h ([Fig. 1](#f0005){ref-type="fig"}c), whereas no ROS production was observed on rice calli treated with PBS solution (CK) (Figureld). These results show that BAS4 in vitro induces early and instantaneous immune responses in Rice.Fig. 1Callose deposition and ROS production in rice leaves and calli treated with purified eukaryotic products of BAS4 at 24 h and 6 h. Note: (a): Callose deposition in rice leaves treated with purified eukaryotic products of BAS4 at 24 h, (b): Callose deposition in rice leaves treated with PBS solution at 24 h, (c): ROS production in rice calli treated with purified eukaryotic products of BAS4 at 6 h, (d): ROS production in rice calli treated with PBS at 6 h. Red arrows mean callose deposition.

3.2 BAS4 promotes cell death in the late stage of compatible interaction {#s0060}
------------------------------------------------------------------------

Based on the observation that the purified BAS4 prokaryotic expression product instantaneously induced early callose deposition and ROS production in rice leaves, we further analyzed whether BAS4 *in vitro* enhances rice resistance or increases rice leaves necrosis formation when the leaves are sprayed with the BAS4 protein solution. The leaves of the wounded rice leaves were inoculated with the purified prokaryotic expression product (1 mg/mL BAS4) and then monitored for phenotypic changes. The results showed that necrotic symptoms appeared on the fourth day after leaf treatment with the BAS4 prokaryotic expression product, and the necrotic spots become more distinct at 7 d, 8 d, and 9 d. Some of the necrotic spots on the leaves were roughly arranged as a single line, whereas no necrotic spots were observed on leaves treated with PBS for 9 d ([Fig. 2](#f0010){ref-type="fig"}). These results show that the BAS4 prokaryotic expression product could instantaneously induce early immune responses in rice, although necrotic symptoms appear during the later stage after inoculation of rice leaves with the BAS4 protein solution.Fig. 2Necrotic symptoms in Lijiang xintuanheigu leaves treated with 1 mg/ml BAS4 fusion protein at 7d, 8d and 9d. (a): The wounded leaves were treated with PBS and symptom on leaves was observed at 9 day, (b): The wounded leaves were treated with BAS4 prokaryotic expression product and symptom on leaves was observed at 7 day, (c): The wounded leaves were treated with BAS4 prokaryotic expression product and symptom was observed at 8 day, (d) The leaves were treated with BAS4 prokaryotic expression product and symptom was observed at 9 day.

3.3. Effects of BAS4 invitro on infected rice in biotrophic and necrotrophic phase {#s0065}
----------------------------------------------------------------------------------

Our observation found that the BAS4 protein solution could trigger basic immune responses during the early stage of infection and subsequently result in necrotic lesion formation during the later stage of infection indicates that BAS4 plays a dual role in rice leaves. We further analyzed the effect of BAS4 on the defense system and metabolism of rice during the biotrophic and necrotrophic stages.

The rice leaves were sprayed with 1 mg/mL BAS4 prokaryotic expression product for 24 h, which was then followed by inoculation with blast strain 66b. Rice leaves directly inoculated with blast strain 66b were used as control. The disease symptom of leaves that were pretreated with BAS4 were more severe (i.e., size and number of lesions) compared to the controls ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3Rice seedlings were pretreated using prokaryotic expression product of BAS4 for 24 h before being inoculated by blast strain of 66b. The leaves of symptoms were photographed at seventh day post-inoculation. (a): rice leaves pre-treated with BAS4 prokaryotic expression product are inoculated with blast strain 66b, (b): rice leaves pre-treated with PBS were inoculated with blast strain 66b.

The BAS4-pretreated leaves also showed a 38.07% of disease incidence rate compared to the control (25.67%) ([Table 2](#t0010){ref-type="table"}). These findings indicate that BAS4 induces more severe symptoms upon infection than leaves directly inoculated with the blast strain, thereby indicating that BAS4 in vitro contributes to infection during the biotrophic phase.Table 2Disease incidence on leaves inoculated with blast strain.TreatmentDisease incidence (%)BSA4 + 66b38.07 ± 1.32aPBS + 66b25.67 ± 1.68b[^2]

To further analyze the effect of BAS4 on expression of the rice defense-related genes during biotrophic and necrotrophic phase, the expression of *PR1a*, *PR10a*, *RPR10b* and *Chit1* were detected using real-time RT-PCR. The results showed that the expression level of *PR1a*, *PR10a* and *RPR10b* (*P* \< 0.05) appeared higher up-regulation in leaves­pretreated than in those (*P* \< 0.05) PBS-pretreated inoculated with blast strain 66bat 24hpi, 48hpi, 72hpi, 96hpi and 120hpi ([Fig. 4](#f0020){ref-type="fig"}). And expression level of *PR1a* in leaves pretreated with BAS4 showed up-regulation from 24hpi to 48hpi and 96hpi to 120hpi, but the expression level of *PR1a* appeared lower expression at 72hpi. Expression level of *PR10a* and *RPR10b* appeared highest at 72hpi. There was higher expression level from 72hpi to 120hpi than from 24hpi to 48hpi. The *Chit1* gene appeared higher expression level in BAS4-pretreated leaves than in PBS-pretreated ones at 24hpi and 72hpi, but lower expression appeared in The results showed that BAS4-pretreated leaves than in PBS-pretreated ones at 48hpi, 96hpi and 120hpi. And the expression tendency of *Chit1* appeared the highest at 72hpi and the lowest at 24hpi. Our results indicated that expression level of pathogenicity-related genes and *Chit1* contribute to blast strain infect rice and transition of biotrophic to necrotrophic phase.Fig. 4The expression level of*PR1α, PR10α, RPR10b* induced by BAS4 solution in rice leaves treated with GST-BAS4-mCherry were challenged with 66b were detected. (a): relative expression of *PR1a* gene in infected rice, (b): relative expression of *PR10a* gene in infected rice, (c): relative expression of *PR10b* gene in infected rice, (d): relative expression of*chit1* gene in infected rice.

We then further verified whether BAS4 promotes the colonization of rice blast fungus *in vitro*. The leaves that were pretreated with BAS4 and inoculated with 66b at 72 dpi showed lesion areas of 16.9 ± 0.11 mm, whereas that of the controls was 9.9 ± 0.07 mm ([Table 3](#t0015){ref-type="table"}).Table 3Lesion area on leaves inoculated with blast strain.TreatmentLesion area (mm^2^)BAS4 + 66b16.9 ± 0.11aPBS + 66b9.9 ± 0.07b[^3]

The number of spores on leaf lesions after pretreatment with BAS4 was 2.5 × 10^5^/mL, which was significantly higher than that of the control (1.3 × 10^5^/mL). The relative growth of infected leaves that were pretreated with BAS4 was 13085.63, which was significantly higher than that of the control (1294.68) ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5Spores and relative fungal growth on leaves treated with BAS4 were challenged with 66b at 6d after punch inoculation. Note: BAS4 + 66b mean leaves treated with GST-BAS4-mCheny were punch inoculation with 66b, 66b mean PBS-pretreated leaves were punch inoculation with 66b. h: hours post-inoculation. Error bars represent ± SD of the mean. The data was carried out three independent experiments.

The above results indicate that the BAS4 protein solution-pretreated rice leaves, which showed larger lesion areas, higher spore numbers, and enhanced fungal growth on leaves possess a greater biomass of infected leaves. These results confirm that BAS4 in vitro promotes the colonization of rice blast fungus during the necrotrophic phase.

3.4. Effects of BAS4 overexpression strain on infection and colonization during biotrophic and necrotrophic phase {#s0070}
-----------------------------------------------------------------------------------------------------------------

Based on the results that BAS4 promotes the colonization of rice blast fungus during the necrotrophic phase in vitro, we further investigated how BAS4 in vivo influences rice blast fungus infection and colonization during the biotrophic and necrotrophic phases. Spraying rice leaves with spore suspensions of the BAS4 overexpression strain resulted in a high disease incidence of 49.34%, whereas disease spraying with wild-type strain (Al343R-7) was 45.07% ([Table4](#t0020){ref-type="table"}, [Fig. 6](#f0030){ref-type="fig"}).Table 4The disease incidence of rice blast on infected leaves.StrainDisease incidence (%)A1343R-745.07 ± 5.77b35S: BAS4/Mo-149.34 ± 7.36a[^4]Fig. 6Symptoms on leaves challenged with 35S: BAS4/Mo-1 overexpression strain. The data was carried out three independent experiments. (a): Rice leaves were inoculated with wild - type strainofA1343R-7, (b): Rice leaves were inoculated with BAS4 overexpression strain of 35S: BAS4/Mo-1. Scale bar represents 0.5 cm.

The expression of defense-related genes in leaves infected by 35S: BAS4/Mo-1 and the wild-type strain A1343R-7 were detected at 0 h, 24 h, 48 h, 72 h, 96 h, and 120 h using real-time RT-PCR. The results showed that expression level of *PR1a*, *PR10a*, *RPR10b* in leaves infected by 35S: BAS4/Mo-1 increased from 48 hpi to 120 hpi, whereas that in leaves infected with the wild-type strain of A1343R-7 was significantly lower than those of the BAS4-pretreated leaves ([Fig. 7](#f0035){ref-type="fig"}). The expression of *PR1a*, *PR10a* and *RPR10b* increased from 72 hpi to 120 hpi, indicating that rice elicited a stress response to pathogen infection, as well as possibly activated downstream signaling pathways that lead extensive cell death, thereby promoting mycelia growth. Therefore, BAS4 overexpression in the blast strain facilitates the transition of *M. oryzae* from the biotrophic phase to the necrotrophic phase.Fig. 7Expression level of rice genes *PR* in leaves infected with overexpression strain. h: hours postinoculation. (a): *PR1a* gene relative expression in infected leaves, (b): *PR10a* gene relative expression in infected leaves, (c) *RPR10b* gene relative expression in infected leaves. Error bars represent ± SD of the mean. The data was carried out three independent experiments.

The expression level of *OsCEBiP*, *OsMPK6*, and *OsMPK12* in leaves infected by 35S: BAS4/Mo-1 and wild-type strain A1343R-7 were also assessed using real-time RT-PCR. The results showed that the expression levels of the three genes in leaves infected by 35S: BAS4/Mo-1 were significantly higher than those infected with the wild-type strain ([Fig. 8](#f0040){ref-type="fig"}).Fig. 8Expression level of rice genes *MPK6, CEBiP* and *MPK12* in leaves infected by overexpression strain. h: hours post-inoculation. (a): *MPK6* gene relative expression in infected leaves, (b): *MPK12* gene relative expression in infected leaves, (c)*CEBiP* gene relative expression in infected leaves. Error bars represent ± SD of the mean. The data was carried out three independent experiments.

To further clarify the effect of the BAS4 overexpression strain on the colonization of *M. oryzae*, the number of spores and fungal relative growth in the lesions on leaves infected by strain 35S: BAS4/Mo-1 were evluated. The results showed that the spore number (2.7667 × 10^5^) in lesion of leaves infected by 35S: BAS4/Mo-1 was higher than in that of lesions from leaves infected by the wild-type strain A1343R-7 (1.3333 × 10^5^). qPCR analysis indicated that the relative growth rate of the fungi (39261.5) in lesion infected with 35S: BAS4/Mo-1 was significantly higher than that in lesions infected with the wild-type strain (839.1) ([Fig. 9](#f0045){ref-type="fig"}). These results further confirm that BAS4 overexpression in the blast strain promotes the colonization of rice blast fungus infection during the necrotrophic phase.Fig. 9The sporulation and fungal relative growth of overexpression strain of 35S: BAS4/Mo-1 after punch inoculation. The data was carried out three independent experiments. Note: Values are the means of three replications, and error bars represent ± SD of the mean.

These results further confirmed that BAS4 overexpression in blast strain can promote the transition of biotrophic to necrotrophic phase and colonization of rice blast fungus.

To investigate cell death rates during infection with the overexpression strain 35S: BAS4/Mo-1, rice leaves infected by the blast strain at different time points were stained with DAB, which showed that there was a small amount of cell death at 10 hpi and 20 hpi and almost no cell death was observed around the infection site. The number of dead cells slightly increased at 48 hpi, significantly increased at 72 hpi, and then peaked at 96 hpi and 120 hpi. Most of the dead cells were situated distal to the infection hyphae, at the same time of increase of cell death, large number of mycelia were also simultaneously growing and colonizing ([Fig. 10](#f0050){ref-type="fig"}). The apoptotic rates in the leaves infected with 35S: BAS4/Mo-1 were higher than that of leaves infected with the wild-type strain A1343R-7.Fig. 10Colonization of hyphae and rice cell death in rice leaves at six different time points during 35S: BAS4/Mo-1 infecting rice leaves. (a): Rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 10 hpi (hour post inoculation), (b): Rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 20 hpi (hour post inoculation),(c): Rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 48 hpi (hour post inoculation), white arrow mean hyphae in infected rice (d): Rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 72 hpi (hour post inoculation) (e): Rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 96 hpi (hour post inoculation), white arrow mean hyphae in infected rice (f): Rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 120 hpi (hour post inoculation), (g): Cell death of rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 72 hpi (hour post inoculation), (h): Cell death of rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 72 hpi (hour post inoculation),(i): Cell death of rice leaves inoculated with 35S: BAS4/Mo-1 were stained with DAB and observed at 120 hpi (hour post inoculation). White arrow mean infectious hyphae.

3.5 Spatial distribution of BAS4 in Magnaporthe oryzae biotrophic and necrotrophic phase {#s0075}
----------------------------------------------------------------------------------------

BAS4 is highly expressed in the mycelia of *M. oryzae*. We thus further investigated the spatial distribution and phenotype of the fusion protein of BAS4-mCherry in the roots of seedlings infected with overexpression strain 35S: BAS4/Mo-1 at 1 dpi, 2 dpi, 3 dpi 4 dpi, 5 dpi, 6 dpi, and 7 dpi. The infected roots began to turn brown at 3 dpi, which further darkened in color at 7 dpi. The fusion protein BAS4-mCherry was observed in the roots of seedlings infected with 35S: BAS4/Mo-1 at 2 dpi ([Fig. 11](#f0055){ref-type="fig"}a). More intense BAS4-mCherry staining was observed in the infected roots at 3 dpi and 4 dpi, and at the later time points ([Fig. 11](#f0055){ref-type="fig"}b). Numerous mycelia exhibiting BAS4-mCherry staining were observed in the infected roots at 7 dpi ([Fig. 11](#f0055){ref-type="fig"}c). These results show that BAS4 that is overexpressed in the blast strain facilitates infection during the biotrophic phase, and simultaneously, increases mycelia production during the necrotrophic phase, indicating that BAS4 overexpression in *M. oryzae* strain contributes to infection and colonization during the biotrophic and necrotrophic phases.Fig. 11Distribution of BAS4-mCherry fusion protein in 35S: BAS4/Mo-1 overexpression strain infecting root at 2dpi, 4dpi and 7dpi. (a): Spatial distribution and phenotype of the fusion protein of BAS4-mCherry in roots infected by overexpression strain of 35S: BAS4/Mo-1 at 2 dpi. (b): Spatial distribution and phenotype of the fusion protein of BAS4-mCherry in roots infected by overexpression strain of 35S: BAS4/Mo-1 at 4 dpi. (c): Spatial distribution and phenotype of the fusion protein of BAS4-mCherry in roots infected by overexpression strain of 35S: BAS4/Mo-1 at 7 dpi.

4. Discussion {#s0080}
=============

Small secretory proteins play a key role in the interaction of biotrophic parasites or hemibiotrophic parasites with their host plants. Hemibiotrophic parasites absorb nutrients from the host living cells during the biotrophic phase, and then kill the host cells in the next necrotophic phase to obtain nutrition from these dead cells ([@b0135]). Biotrophic and hemibiotrophic parasites secret effector proteins to manipulate host cell structures and functions, obtain nutrients, and inhibit host defense responses to facilitate their colonization ([@b0120], [@b0225], [@b0205], [@b0180]). HR-induced host cell death is a major obstacle for such fungus to further infect and colonize hosts. Rice blast is caused by the infection of hemibiotrophic parasites, and *M. oryzae* is one of the most important model fungi. Therefore, it is important to study the infection mechanism of rice blast fungus during the biotrophic and necrotrophic phases, which may facilitate in the elucidation of the molecular role of effector proteins in the interaction between *M. oryzae* and rice.

To verify how BAS4 regulates rice metabolic pathways to facilitate rice blast strains to infect and colonize, we analyzed the effect of the biotrophic-related secreted protein BAS4 on the rice defense system during the compatible interaction of *M. oryzae* and rice. Previous studies have shown that expression levels of rice defense-related genes increase during the early stage of infection, indicating that rice defense responses are not completely inhibited during the biotrophic phase ([@b0160], [@b0140]). The present study observed that BAS4 triggers instantaneous rice defense responses during the early stages of infection in vitro, but caused more severe necrotic lesion, indicating this was a transient response. We thus hypothesized that BAS4 plays a major role in inducing severe necrotic lesions on rice leaves during the lates stage of interaction between rice and BAS4 *in vitro*. Some studies have shown that the up-regulation of *PR1a* activates its downstream PCD signal, which in turn causes extensive cell death in infected rice plants. In the present study, *PR1a* exhibited lower expression levels in BAS4-pretreated leaves at 72 hpi, indicating a lower rate of cell death at this time, whereas *PR1a* showed a higher expression level at 24 hpi to 48 hpi and 96 hpi to 120 hpi, suggesting that BAS4 induces early defense responses at early stage of biotrophic phase and made the infected rice a status of stress at the late stage of necrotrophic phase. The *Chit1* gene showed the lowest expression levels at 24 hpi but higher expression levels from 72 hpi to 120 hpi in BAS4-pretreated leaves, indicating that there was minimal cell wall degradation of cell wall at the early stage of biotrophic phase but then increased at the later stage of necrotrophic phase. These results indicate the rice seedlings were triggered defense responses at the early stages of the biotrophic phase, but stress responses at the necrotrophic phase. The up-regulation of defense-related genes such as *PR1a*, *PR10a*, *RPR10b*, and *Chit1* induced by BAS4 *invitro* led to an increase in the number of necrotic spots on rice leaves, indicating that BAS4 *invitro* regulates the expression level of *PR1α*, *PR10α*, *RPR10b*, and *Chit1* of rice that facilitates the transition of rice blast strain from the biotrophic to the necrotrophic phase. [@b0250]) found that biomass of lesion, H~2~O~2~ accumulation and expression of defense-related genes *(PR* genes, *β − 1,3-glucanase* gene and *Chitinase* gene)from wheat leaves infected by *Pseudomonαs syringαe* may regard as bioassay for detecting transition from biotrophic to necrotrophic phase during interaction of wheat leaf blotch and wheat. And their results also found that there was increase of biomass of lesion, H~2~O~2~ accumulation and expression level of *PR* genes in transition from biotrophic to necrotrophic phase ([@b0250]). In our study, we also found that there are also increase of biomass of lesion from leave-pretreated with BAS4 protein solution infected by blast strain, and 72 h was switch for transition of biotrophic to necrotrophic phase of *M. oryzae*. Our results were in agreement with those of [@b0250], which showed that BAS4 *in vitro* induced early basal defense responses in rice but did not increase rice resistance to pathogen infections, and more severe necrotic spots were observed on the wounded rice leaves that were pretreated with the BAS4 prokaryotic expression product, indicating that BAS4 *in vitro* participated in the transition from the biotrophic to the necrotrophic phase.

To verify effect of BAS4 overexpression in the blast strain on the biotrophic and necrotrophic phase of *M. oryzae*, the expression of rice defense-related genes and the lesion biomass of leaves inoculated with BAS4 overexpression strain were analyzed, which showed more severe symptoms, increased lesion biomass, and higher *PR1*a, *PR10a*, and *RPR10b* expression levels during the biotrophic phase than that during the necrotrophic phase, thereby indicating that BAS4 overexpression in rice blast strain also facilitates the transition of *M. oryzae* from the biotrophic to the necrotrophic phase. The expression level of *OsCEBiP*, *OsMPK6*, and *OsMPK12* increased during necrotrophic phase (72--120 hpi). *OsCEBiP* up-regulation could activate downstream signal, thereby inhibiting the accumulation of ROS, phytocassanes, and momilactones. *OsMPK6* inhibits rice defense, wherein knocking down this gene in rice results in an enhancement of resistance to *Xanthomonαs oryzae* infection ([@b0260]). The present study observed a significant up-regulation of *OsMPK6* during the necrotrophic phase, which indicating that it could decrease rice resistance. The up-regulation of *OsMPK12* induces OsEREBP1 phosphorylation, which in turn enhances DNA to combine with the GCC box element of the *PR* gene, resulting in the up-regulation of the *PR* gene that enhances rice resistance at the early stage of infection but to make rice stress status at late stage of pathogen infection ([@b0025]). Therefore, *PR1α*, *PR10α*, *RPR10b*, *OsMPK6*, *OsMPK12* and *OsCEBiP* contribute to the transition of *M. oryzae* from the biotrophic to the necrotrophic phase. *Dothistromα septosorum* is a hemibiotrophic parasite, and its biomass increases during the early stage of infection and sporulation and extensive amounts of tissue undergo disassembly and cell death ([@b0090]). The biomass of the other hemibiotrophic parasites such as *Zymoseptoriα tritici* ([@b0115]) and *Mycosphaerella fijiensis* ([@b0105]) increases during the necrotrophic phase and is accompanied by a loss of host cell membrane integrity and electrolyte leakage. *Mycosphαerella fijiensis* produces toxin and secrete proteins that destroy host tissues ([@b0030], [@b0045]). There is no any report on the role of BAS4 in transition of *Mαgnαporthe oryzαe* from biotrophic to necrotrophic phase. The findings of the present study have verified that both the BAS4 prokaryotic expression product and BAS4 overexpression in *M. oryzae* regulate the infection process. Furthermore, large amounts of hyphae harboring the BAS4-mCherry fusion protein were distributed in the root tissues of seedlings infected with 35S: BAS4/Mo-1, thereby further confirming that BAS4 is involved in the transition of rice blast strain from the biotrophic to the necrotrophic phase.

In conclusion, BAS4 *invitro* (BAS4 prokaryotic expression product) and *invivo* (BAS4 overexpression strain) facilitate in the transition of rice blast strain from the biotrophic to necrotrophic phase, thereby providing information on the molecular mechanism underlying the interaction between rice and *M. oyzαe*.

5. Conclusions {#s0085}
==============

The study describes role of a biotrophy-related secreted 4 (BAS4) in transition from biotrophic to necrotrophic phase of *Magnaporthe oryzae*. Our results reveal that BAS4 *in vitro* facilitates more serious blast disease symptomin rice, more biomass such as sporulation and fungal relative growth, and lower expression level of pathogenicity-related genes appeared in lesion of the rice leaves than those of the PBS-pretreated-leaves followed with inoculation of the same blast strain. And we also find more serious blast disease symptom and more biomass also appeared in lesion of leaves inoculated with BAS4-overexpressed strain than those of leaves inoculated with the wild-type strain, and expression level of pathogenicity-related genes appeared lower in biotrophic phase and higher in necrotrophic phase of infection, indicating BAS4 maybe *in vivo* regulate defense system of rice to facilitate transition of biotrophic to necrotrophic phase. Next, we will focus on the knock-out of the BAS4 using CRISPR, analyze morphological change and pathogenicity of the mutant strain, effect of mutant strain on rice defense system. The present study may facilitate in the elucidation of the molecular mechanism of the rice blast fungal effector protein in the life history of hemibiotrophic parasites.
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